Abstract. Simvastatin (SV), a drug of the statin class currently used orally as an anti-cholesterolemic via the inhibition of the 3-hydroxy-3-methyl-glutaryl-Coenzyme A (HMG-CoA) reductase, has been found not only to reduce cholesterol but also to have several other pharmacological actions that might be beneficial in airway inflammatory diseases. Currently, there is no inhalable formulation that could deliver SV to the lungs. In this study, a pressurised metered-dose inhaler (pMDI) solution formulation of SV was manufactured, with ethanol as a co-solvent, and its aerosol performance and physico-chemical properties investigated. A pMDI solution formulation containing SV and 6%w/w ethanol was prepared. This formulation was assessed visually and quantitatively for SV solubility. Furthermore, the aerosol performance (using Andersen Cascade impactor at 28.3 L/min) and active ingredient chemical stability up to 6 months at different storage temperatures, 4 and 25°C, were also evaluated. The physico-chemical properties of the SV solution pMDI were also characterised by differential scanning calorimetry (DSC), thermogravimetric analysis (TGA) and laser diffraction. The aerosol particles, determined using scanning electron microscopy (SEM), presented a smooth surface morphology and were spherical in shape. The aerosol produced had a fine particle fraction of 30.77±2.44% and a particle size distribution suitable for inhalation drug delivery. Furthermore, the short-term chemical stability showed the formulation to be stable at 4°C for up to 6 months, whilst at 25°C, the formulation was stable up to 3 months. In this study, a respirable and stable SV solution pMDI formulation for inhalation has been presented that could potentially be used clinically as an anti-inflammatory therapy for the treatment of several lung diseases.
INTRODUCTION
Statins (HMG-CoA reductase inhibitors) are widely used as cholesterol-lowering drugs (1) . These compounds inhibit the activity of 3-hydroxy-3-methyl-glutaryl-CoA (HMGCoA) reductase enzyme, which catalyses the rate-limiting step in mevalonate biosynthesis, a key intermediate in cholesterol metabolism. Studies have recently described other possible roles for statins as immuno-modulatory and anti-inflammatory compounds, suggesting a protective mechanism of action (2) (3) (4) (5) . Clinical studies have also shown that statins have been found to be effective in decreasing cardiac events in persons with average cholesterol levels and reduce inflammatory markers (6) (7) (8) . Furthermore, in vitro, animal and human studies have found statin to have anti-inflammatory and mucolytic actions (9) (10) (11) (12) (13) (14) .
Observational studies, via both retrospective and prospective analysis, have shown that statins may be useful in reducing mortality rates in patients with chronic obstructive pulmonary disease (COPD) (15) (16) (17) (18) . Furthermore, it has been observed that, in a murine model of allergic asthma, statins had an immune-modulatory effect through several different anti-inflammatory pathways that still require further elucidation (19) . In general, statins beneficial effects cannot entirely be attributed to reduction of lipid levels (20, 21) .
Statins have been investigated as an adjunct therapy to enhance current asthma therapies, i.e. the use of corticosteroids (22) (23) (24) , although a meta-analysis of randomised controlled trials showed that statins did not improve lung functions in asthmatic patients (25) . However, in these studies, the statin was taken via the oral systemic route, rather than topically. Indeed, this class of drugs has not been previously formulated as inhalation products, more specifically at low dose ranges, to be used as an anti-inflammatory, rather than their classical use as anti-cholesterolemic (26) .
Among the drug delivery options available, i.e. nebulizers and dry powder inhalers, pressurised metered-dose inhalers (pMDIs) are the most common inhalation devices used for the treatment of respiratory diseases (27) . Drug-dissolved formulations containing co-solvents (i.e. ethanol) are advantageous over suspension formulation, since the aerosol performance can be improved via modification of the ethanol concentration and actuator geometry (28, 29) . Therefore, the aim of this study was to formulate a statin, specifically simvastatin (SV), as a low-dose solution pMDI formulation. To evaluate its characteristics in terms of aerosol performance, and physico-chemical features, the Andersen Cascade Impactor (ACI), laser diffraction and thermo analysis techniques were used. In addition, the short-term stability of this SV pMDI solution formulation and its conversion into its active metabolite, simvastatin hydroxy acid (SVA), was also investigated.
MATERIALS AND METHODS

Materials
Simvastatin (SV) was used as supplied (Jayco Chemical Industries, Thane, India). The metabolite and degradation products, simvastatin hydroxy acid (SVA), were manufactured in house according the following procedure: 41.8 mg of SV was dissolved in 1 mL of absolute ethanol; 1.5 mL of NaOH 1 N was added to the SV ethanol solution. The solution was then incubated at 50°C. After 2 h, the pH of the solution was adjusted to 7.2 with HCL. Deionised water was then added to the solution up to 10 mL, and the solution was stored at −20°C (12) until further use.
The propellant 1,1,1,2-tetrafluoroethane (HFA-134a) was supplied from Solvay Chemicals (Germany). Ethanol and acetonitrile (100%) were purchased from Biolab (Clayton, Victoria, Australia) and Thermo Fisher Scientific Australia Pty Ltd (Scoresby, VIC, Australia), respectively. Water was purified by reverse osmosis (MilliQ, Millipore, France). All solvents were analytical grade and were supplied by Sigma (Sydney, NSW, Australia). Aluminium canisters, metering valves (50 μL) and actuators with orifice diameters of 0.33 mm were from Bespack Europe Limited (Norfolk, UK).
Determination of Solubility of Simvastatin Propellant/Ethanol Mixtures
Before preparing a suitable solution-based pMDI formulation, the solubility in propellant/ethanol mixtures was investigated visually. Solutions containing SV (0.5% w/w) and ethanol, at concentrations ranging from 2 to 12%w/w, were produced. An aliquot of these stock solutions (ranging from 300 to 1,500 μL) were directly weighed into pressure-resistant glass pMDI containers (Saint Gobain plc., London, UK), which were immediately crimped with a 50 μL metering valve (Bespack Europe Limited, Norfolk, UK) and pressure-filled with HFA-134a using a Pamasol Laboratory plant 02016 (Pamasol Willi Maäden AG, Paffikon, Schwyz, Switzerland) to a total mass of 10 g. After filling, each canister was sonicated for 10 min and stored for a minimum of 24 h at 25°C prior to further studies to assess SV solubility in HFA/ethanol visually.
Subsequently, based on the visual inspection of SV solubility in different concentrations of ethanol, the solubility of SV in HFA-134a/ethanol mixtures, containing 0 and 6% ethanol (w/w), was quantitatively determined using the solubility apparatus developed by Traini et al. (30) . Briefly, excessive amounts of SV was first loaded into the secondary casing of the solubility apparatus and subsequently assembled with the primary casing using a stainless steel frit (0.1 μm) sandwiched between two slit O-rings. A 50-μL metering valve was then crimped onto the primary casing of the assembly, and the device was filled with approximately 7 g of HFA-134a/ethanol mixture. The filled apparatus was incubated at 25°C in a shaking water bath for 24 h prior to analysis. Finally, the formulation was fired to exhaustion into a dosage unit sampling apparatus (DUSA) as a collector device, using a 0.33-mm pMDI actuator (Bespack Europe Ltd). Each part of DUSA components, actuator, valve and primary casing was rinsed with acetonitrile:water (65:35 v/v) and chemically analysed using high performance liquid chromatography (HPLC). The tests were performed in triplicate, and results were interpreted in terms of SV to HFA-134a/ethanol weight fraction (w/w).
Simvastatin pMDI Formulation
According to results obtained from the solubility study of SV in HFA/ethanol mixture, only the formulation containing 6% (w/w) ethanol and 0.5% (w/w) SV (delivering 300 μg dose per actuation) was chosen for further studies. It is known that increasing ethanol concentration leads to an increase in droplet size and evaporation time, resulting in a decrease in aerosol performance (31) . All test formulations were prepared in aluminium pMDI canisters (Valois, France). The SV and ethanol were directly weighed into the canister, which was immediately crimped with a 50-μL metering valve and pressurefilled with HFA-134a using a Pamasol Laboratory plant 02016. After filling, each canister was sonicated for 10 min to ensure complete miscibility among components. Once manufactured, the pMDI formulations were stored in a temperature-controlled cabinet (Napco, Model 5410) at 4 and 25°C.
Post-Throat Droplet Size Measurement of pMDI SV Formulation Using Laser Diffraction
The size distribution of droplets emitted from the SV solution pMDI formulation post-United States pharmacopoeia (USP) throat were determined by laser diffraction using the Malvern Spraytec (Malvern Instrument Ltd., Worcestershire, UK) with the USP induction port connected to the inhalation cell. The vacuum pump was connected to the assembly and an airflow, set at 28.3 L/min using a calibrated flow metre (TSI 3063, TSI instruments Ltd., Buckinghamshire, UK), was generated through the flow cell. The first five shots of each pMDI canister were fired to waste before three consecutive actuations were fired into the Spraytec. Samples were assessed in triplicate. Data were described as droplet size (Dv 50 ) expressed by 50% of the cumulative volume undersize and the fraction of droplets with a volume diameter ≤5 μm.
Thermal Characterisation of Aerosols Generated from the SV pMDI
The thermal characteristics of droplets generated from the SV pMDI were characterised using differential scanning calorimetry (DSC) and thermogravimetric analyses (TGA). An Andersen Cascade impactor (ACI) was assembled to capture aerosolised particles after actuation. Two freshly prepared pMDIs (200 shots each) were actuated into the impactor at 28.3 L/min, within an approximately 20-min period. Powder samples were collected from stage 5 of the ACI and ∼20 mg of the collected powder samples were transferred to a 40-μl sealed aluminium pan, pierced with a 1-mm pinhole to ensure constant pressure before being transferred immediately to the DSC-1 (DSC-Mettler-Toledo Ltd, Switzerland). Samples were heated under a N 2 atmosphere at a rate of 10°C/min between 25 and 190°C.
Thermogravimetric analyses were carried out using a TGA/DSC-1 thermal analysis system (Mettler-Toledo Ltd, Switzerland). Collection of sample followed the same procedure as for the DSC measurements. About 7 mg of collected sample was transferred to an open aluminium crucible pan immediately after collection. The samples were heated from 25 to 140°C, at a heating rate of 10°C/min under a N 2 atmosphere. The volatile loss was defined as the amount of the residual solvent trapped within the solid particles post-actuation and calculated as the percentage of weight loss from the collected powder.
Scanning Electron Microscopy
The particle morphology of the formulation was studied using a field emission scanning electron microscope (SEM) (Zeiss Ultra Plus, Carl Zeiss NTS GmbH, Oberkochen, Germany). Particles collected on ACI stage 5 were selected for SEM imaging due to highest mass deposition during aerosolisation and impaction. Circular adhesive carbon tapes were placed at the centre of the impactor on stage five and used to collect particles during the impaction after one actuation of the pMDIs at 28.3 L/min. The corresponding carbon tapes were mounted on aluminium SEM stubs and then sputter coated with gold (Sputter coater S150B, Edwards High Vacuum, Sussex, UK) at 10 nm thicknesses prior to imaging. SEM images were taken at the magnification of 20,000×.
Quantitative High Performance Liquid Chromatography Analysis
Chemical quantification of SV and its metabolite SVA, collected from aerosol performance and stability studies, was performed using high performance liquid chromatography (HPLC). A Shimadzu HPLC system consisting of a LC20AT pump, the SIL20AHT autosampler and an SPD-20A UV-VIS detector (Shimadzu, Sydney, NSW, Australia) was used. Analysis of SV was achieved using a reverse phase C-18 column (Phenomenex ODS hypersclone) 250×4.6, 5-μm particle size. The mobile phase comprised a mixture of acetonitrile:water (65:35v/v) and 0.025 M sodium dihydrogen phosphate with pH adjusted to pH 4.5 with phosphoric acid. The mobile phase was filtered under vacuum. The HPLC was set to the following conditions: flow rate of 1.5 mL/min and peaks analysed with a UV detector wavelength of 238 nm with 100 μL of injection volume. All collected samples were diluted in the mobile phase to be within the linearity region from 0.05 to 50 μg/mL for SV and SVA. Retention time for SV was 9.1 and for SVA was 5.5 min, respectively. Quantification was calculated based on peak area integration with fresh standard solutions prepared daily. The method was validated with regard to variability, recovery, linearity, detection limit and range, and proved to be suitable for this study. The regression coefficient (R 2 ) was 0.997, and the calibration curve of HPLC assay for determining SV and SVA in the concentration range of 0.05-50 μg/mL.
Chemical Stability Study of Simvastatin
The chemical stability over time of the SV solution pMDI formulation was assessed using a dose uniformity apparatus (DUSA, Copley Scientific Limited, Nottingham, UK) up to 6 months of storage, at 4 and 25°C. Dose uniformity tests were performed at days 0, 7, 14, 22, 30, 60, 90 and 180. Ten doses from each canister stored at different temperature conditions were fired into a DUSA at the calibrated flow rate of 28.3 L/ min. The canister was left to stand for 30 s between shots. Immediately before each experiment, the pMDI was shaken for 30 s. pMDI valves were primed by discharging five shots to waste. Each pMDI was weighed before and after each actuation to calculate total weight loss for each canister. After actuation into the DUSA, all components, actuator and mouthpiece adaptor were rinsed into suitable volumetric flasks with acetonitrile:water solution (65:35v/v) for HPLC analysis. Each sample was centrifuged for 5 min at 2,000 rpm to remove filter matter and the supernatant collected for HPLC analysis. All experiments were performed in triplicate.
In Vitro Aerosolisation Studies by ACI
Evaluation of aerosol performance of the SV pMDI solution formulation was assessed using an ACI (Copley Scientific Limited, Nottingham, UK). The flow rate was set at 28.3 L/min using a calibrated flow metre (TSI 3063, TSI instruments Ltd., Buckinghamshire, UK). Prior to the aerosol characterisation, five shots of each canister were fired to waste. The pMDI was inserted into a rubber adaptor connected to the UPS throat. Before each pMDI was discharged into the ACI, the pump was switched on for 5 s to insure system equilibration. One shot was actuated into the impactor using a 0.33-mm actuator by pressing the canister and holding for 7 s. The actuator, rubber adaptor, USP throat, ACI stages and filter stage (Sartorius Stedim Pty Ltd, Australia) were each rinsed with 10 mL of acetonitrile:water solution (65:35v/v) for SV and SVA chemical quantification. After each experiment, the ACI components and actuator were washed with distilled water followed by methanol, and dried in an oven at 40°C before cooling and reuse. Each experiment was performed in triplicate.
The concentration on each stage of the ACI and device was calculated, and stage data was plotted as log-probability plots of cumulative percentage versus the ACI cutoff diameters (9.0, 5.8, 4.7, 3.3, 2.1, 1.1, 0.7 and 0.4 μm, respectively). The mass median aerodynamic diameter (MMAD) was calculated as the 50th percentile mass distribution, whilst the geometric standard deviation (GSD) was calculated as the square root of the 84th/16th percentiles. The fine particle fraction (FPF) was defined as the percentage of SV mass deposited from stage 3 to filter (corresponding to the cutoff size ≤5 μm) as a function of the ex-valve dose (ED), and fine particle dose (FPD) is the mass of drug with aerodynamic diameter lower than 5 μm. The impaction study was carried out in triplicate for each formulation at specific time points during stability testing.
Statistical Analysis
All results are expressed as mean±standard deviation for ≥3 separate determinants. Unpaired 2-tailed t tests were performed to determine significance (which was quoted at the level of P<0.05) between treatment groups.
RESULTS AND DISCUSSION
Solubility of Simvastatin Propellant/Ethanol Mixture
SV is poorly soluble in HFA-134a propellant with a maximum solubility of 0.25±0.12 mg/g. Hence, ethanol was introduced as a co-solvent to improve its solubility. The saturated All the formulations prepared with SV in HFA/ethanol mixtures (2-12%w/w) were examined visually, and complete miscibility was observed among the components above 4%w/w. Previous studies have shown that increasing ethanol concentration leads to larger droplet sizes and evaporation times, and subsequently decreases the fine particle fraction and reduces aerosol performance (31) . Hence, only the SV formulation containing 6% of EtOH was chosen for aerosol aerodynamic assessment and the stability. This concentration of ethanol allowed for the formulation to achieve a 300-μg SV dose when using a 50-μL valve. At this dose, the solubility of SV in the formulation is 7.14 mg/g, well below the saturated solubility of 16.34±4.02 mg/g SV in the 6% EtOH formulation. This dose was selected based on a study by Xu L et al., where nebulisation of 1-20 mg/mL simvastatin presented potent anti-inflammatory effect in mice, with only 3 to 4% of simvastatin actually delivered to the lung tissue (33).
Post-USP Throat Droplet Size Measurement
Droplet/particle size distributions for SV pMDI solution formulation measured post-USP throat were determined by laser diffraction at 28.3 L/min (Fig. 1) . Analysis of the percentile undersize values showed SV aerosol components to have values of D 0.1 =0.91±0.04 μm, D 0.5 =2.13±0.11 μm and D 0.9 = 4.99±0.29 μm, respectively, with a span of 1.92±0.05, indicating that the aerosol possessed a suitable size for drug delivery to the lung.
Thermal Characterisation of Aerosols Generated from the SV pMDI
The thermal behaviour of the maturated particles, generated from the SV pMDI solution and collected on stage 5 of the ACI formulation, was characterised using DSC and TGA, respectively.
The DSC thermograph of both the aerosol particles and starting material is shown in Fig. 2 . An endothermic peak that correlated to the melting point of the raw SV and SV pMDI was found to be 140°C for both materials and was in good correlation with previous study (34) . For the pMDI aerosol particles, a broad endothermic event was observed between 60 and 113°C. To further investigate the individual events, first derivative of the DSC thermograph was performed. The glass transition step at around 30°C was followed by a crystallisation exothermic peak at 90°C (35) . Furthermore, due to volatile loss of residual ethanol, melting point was at 113°C (36) , suggesting the aerosol particles to be amorphous.
To further understand the physico-chemical characteristics of this formulation, the influence of weight lost was also investigated. The mass loss observed by TGA for SV pMDI solution from 25 to 140°C was around 3.25%, and was most likely attributed to the evaporation of ethanol, and moisture and coupled with glass transition step followed by crystallisation (figure not shown). 
Morphological Evaluation of Aerosols
Representative scanning electron micrographs of particles captured on impactor stage 5 are shown in Fig. 3 . Aerosols produced from the formulation had identical spherical shape with smooth morphology, suggesting the aerosol particles to be amorphous. The smooth surface morphology probably resulted from the co-evaporation process of ethanol and propellant components, confirming the observations made from the DSC thermogram of SV pMDI particles (37) .
Chemical Stability Study of SV
The uniformity of dose through use and consequently the chemical stability of the 6% EtOH SV solution pMDI formulation assessed by DUSA at 4 and 25°C, respectively, up to 180 days is presented in Fig. 4 . The ED fell within the pharmacopoeia specification of ±25% except at 180 days for 25°C (38) . In general, SV showed no chemical degradation to its active metabolite SVA, when compared to time point zero measurements, for the formulations stored at 4°C, over a 180-day period, and the formulations stored at 25°C up to 90 days.
Simvastatin, being a lactone, is susceptible by hydrolysis to be converted to SVA at room temperature, with anhydrous simvastatin as another possible degradation product that might appear during acid stress (i.e. under different conditions such as high pH, as well as under presence of different solvents i.e. ethanol) (39) . However, from the chemical analysis, no noticeable degradation peaks were observed when compared to time zero during the stability study performed. Longterm stability of this formulation is warranted and is currently on going.
In Vitro Aerosol Performance
One actuation of the SV pMDI solution formulation was fired into the induction port of an ACI at 28.3 L/min, and samples collected from the induction port, stages and actuator housing were measured and the FPF, FPD, ED, MMAD and GSD calculated (Table I ). Fig. 5 shows the percentage drug distribution of SV pMDI solution formulation on each stage of the ACI, at time 0, 60, 90 and 180 days of storage at 4 and 25°C, respectively.
At time zero, the total dose delivered per shot was 306± 8.2 μg (target dose=300 μg). The FPF, MMAD and GSD were 31.88±2.79%, 1.58±0.08 μm and 2.12±0.05, respectively. SV pMDI solution formulation presented a high pMDI actuator (22 ± 0.35%) and induction port (44 ± 0.86%) deposition. These results are not unexpected since it is known that solution-based pMDIs containing ethanol as co-solvent possess a plume with a high exit velocity and long drying times when compared to HFA alone. Indeed, previous studies using ethanol formulation of Qvar-100 reported ∼50% loss in the actuator and induction port (40) .
The results of the FPF after 60, 90 and 180 days of storage at 4°C, whilst only 60 and 90 days of storage at 25°C are shown in Table I . The total dose delivered was around 253.1±43.3 μg, and the FPF was 36.11±2.56 and 34.77±7.90%, after 60 and 90 days of storage at 25°C, respectively. Whilst the total dose delivered was around 265.07±32.3 μg at 4°C, the FPF after 60 days was 36.31±3.12%, after 90 days was 40.22±1.19% and after 180 days was 36.13±0.69%. There was no significant difference in SV aerosols performance (FPF) among the different days, whilst the SV formulations were still stable (P>0.05). Therefore, the SV pMDI formulation in this study was found to be chemically stable and suitable for inhalation drug delivery.
CONCLUSIONS
In this study, the formulation of SV as pMDI solution as an anti-inflammatory therapeutic for the treatment of lung inflammations has been presented. This formulation was showed to be chemically stable up to 180 days at 4°C and up to 90 days at 25°C, in addition to its suitable in vitro aerosol performance for lung delivery. The thermal properties of the SV solution pMDI were also characterised. This investigation has the potential to open up the use of inhaled low-dose simvastatin as a new anti-inflammatory therapy for chronic lung diseases. Future studies will assess the effect of this formulation on cell viability, drug uptake, anti-inflammatory and mucolytic effects, as well as in vivo pharmacokinetic and toxicity using small animal models. 
